Materials and Methods
Sample Preparation. Both commercial sample and lab-synthesized sample were investigated in the research. For the commercial sample, a chunk of CaC2 (Sigma-Aldrich, 98%) was ground to a fine powder in an agate mortar in a glove box (with moisture and oxygen content less than 10 ppm) for 30 min and the final powder was used in the experiments. It is mainly composed of CaC2-I with minor impurities of CaO and CaC2-II, similar as that reported in the literature. 1, 2 CaO has phase transitions far above the pressure range presented in our research, 3 so it does not affect the investigation and can be used as a pressure marker in the diffraction experiment. It is difficult to avoid CaC2-II, and it was identified in almost all of the related literatures to our knowledge, 1, 2, [4] [5] [6] as well as in our lab-synthesized sample. Our lab-synthesized sample was prepared by solid state reaction of stoichiometric Ca and graphite powder, which were sealed inside an evacuated tantalum tube in a glove box and then sealed inside an evacuated quartz tube. The sealed tube was heated at 1200°C for 12 hours. The sample is mainly composed of CaC2-I with minor amount of CaC2-II and CaO (Fig. S10 ). No significant difference between these two samples is observed in the X-ray diffraction (XRD) and Raman spectroscopy. Lab synthesized sample is used in Raman, infrared(IR), XRD and Gas Chromatography-Mass Spectrometry (GC-MS) experiment, and commercial sample is used in the neutron and impedance experiment.
Sample preparation for neutron pair distribution function (PDF) and GC-MS measurements.
The CaC2 samples recovered from high pressure are prepared at the Spallation Neutrons and Pressure Diffractometer (SNAP) beamline, at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL) as well as in Center for High Pressure Science and Technology Advanced Research (HPSTAR). A VX3 Paris-Edinburgh cell equipped with double toroidal polycrystalline diamond anvils was used for applying pressure. The CaC2 pellet was prepared in a glove box, loaded into the stainless steel gasket and sealed in several seconds. The series of samples for the PDF measurements were kept at the oil pressure of 400 bar, 600 bar, 800 bar, 1000 bar, 1200 bar, 1400 bar, 1650 bar and 1900 bar for 4 hours, which corresponds to 6 GPa, 8 GPa, 11 GPa, 14 GPa, 17 GPa, 20 GPa, 24 GPa, and 28 GPa respectively. The sample for the GC-MS was kept at approximately 26 GPa at the oil pressure of 1800 bar. All the pressures are estimated from pressure-load curves calibrated by our neutron diffraction results. For the samples synthesized by the diamond anvil cell (DAC) for the GC-MS measurements, CaC2 raw materials were loaded in the glove box and the DAC with dculet = 400 μm culet is used to apply pressure. The samples are kept at 30 GPa for 10 mins and five samples are collected for one GC-MS measurements. The pressure is calculated by the Ruby fluorescence. In situ XRD. For the in situ high pressure XRD experiments, a symmetrical-style DAC fitted with diamonds polished to a culet diameter of dculet = 400 μm was used to apply pressure. T301 stainless steel gaskets were pre-indented to a thickness of ~30 μm, and holes with diameter d = 200 μm were drilled in the center of the indentation to serve as the sample chambers. No pressure medium was used. The angle dispersive X-ray diffraction (ADXRD) data were collected up to ~30 GPa at the 16-BM-D beamline at the Advanced Photon Source (APS), Argonne National Laboratory with the transmission geometry. The monochromatic incident Xray with a wavelength of 0.4246 Å was focused to approximately 10 um (Full-Width-HalfMaximum). The preliminary data reduction was performed using the Fit2D program.
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In situ Neutron Diffraction. In situ neutron diffraction patterns were collected at the Spallation Neutrons and Pressure Diffractometer (SNAP) beamline, at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL). A VX3 Paris-Edinburgh cell equipped with sintered diamond double toroidal anvils with a Titanium-Zirconium (TiZr) alloy gasket was used for applying pressure. The CaC2 pellet was prepared in a glove box. It was loaded into the gasket and sealed in several seconds. No pressure medium was used. The pressure was calibrated with the equation of state of CaO.
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In situ Raman measurement. In situ Raman spectroscopy under high pressure was measured on a Renishaw-inVia spectrometer with laser wavelength 488 nm. A symmetrical-style DAC fitted with diamonds with dculet = 400 μm was used for applying pressure. A steel gasket pre-indented to a thickness of ~30 μm was used for sample chamber. No pressure medium was used. Ruby fluorescence was used for pressure calibration. In situ IR measurement. In situ IR absorption experiment was measured on a Bruker 70V spectrometer equipped with a Hyperion microscope. The setting of the DAC is same as that used in Raman experiment except that type IIA diamonds are used.
Neutron PDF Measurements. The neutron PDF data of the samples recovered from various pressures were collected at the Nanoscale-Ordered Materials Diffractometer (NOMAD), SNS, ORNL. The recovered samples were grounded in the glove box, loaded in 2 mm quartz capillaries and sealed with epoxy glue for measurement. Neutron scattering up to Qmax =2π/d = 31.41 Å -1 was used for PDF analysis, and the data were convoluted with the Lorch function to reduce the effect of fringes. The details of the data processing can be found on the website of NOMAD.
Electrical Resistance Measurement. In situ impedance spectroscopy was performed on an ac impedance spectroscopy system based on Zahner analyzer IM6. 9, 10 A symmetrical-style DAC fitted with diamonds with dculet = 500 μm was used for applying pressure. A steel-supported BN gasket was used that was pre-indented to a thickness of ~40 μm, and a hole with a diameter of ~200 μm was drilled in the indentation centre. Pt foils were cut to act as electrodes for the Van der Pauw setting. The applied ac voltage was 50 mV, in the frequency range 0.1 Hz-1 MHz. The intercept of low frequency on the Z' axis was recognized as the resistance (RAB, CD, RAD, CB as defined in the literature 11), and the resistivity is calculated by the equation exp(-πRAB,CD d/ρ)+exp(-πRAD,CB d/ρ) = 1, 11 where d is the thickness of the sample and ρ is the resistivity. No pressure medium was used. Ruby fluorescence was used for pressure calibration. 
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Theoretical Calculation. To predict the structure and electronic properties of CaC2 under external pressure, first-principle calculations based on density functional theory (DFT) were performed. The Cambridge Serial Total Energy Package (CASTEP) software was used. 12 During the calculation, the Broyden-Fletcher-Goldfarb-Shannon (BFGS) geometry optimization were performed on the phase I (I4/mmm) and phase VI (I2/m) CaC2 models under different hydrostatic pressures, and the band structure calculations were followed. The plane-wave basis set was chosen for the expansion of valance-electron wave functions based on local density approximation (LDA), and the ultrasoft pseudopotentials constructed from the CASTEP database were selected. The k-point set was set as a Monkhorst-Pack grid with a reciprocal spacing of ~0.04 Å -1 . The energy cut-off of the plane-wave basis set was selected as 600 eV. The criterion for self-consistency was eigen-energy convergence within 10 -8 eV/atom. For the geometry optimization, the criteria are selected as eigen-energy convergence within 10 -7 eV/atom, net force convergence of atoms within 1×10 -3 eV/Å, displacement convergence of atoms within 10 -4 Å.
The phase transition pathway was explored by metadynamic method [13] [14] [15] in the supercell of 64 Ca atoms and 128 C atoms. CaC2-VI structure was relaxed at 30 GPa as initial state and the simulation environment was set at 30 GPa and 300 K. The length of simulation was 500 fs for every meta-step and the whole procedure was made of more than 200 meta-steps (100 ps). The molecular dynamic calculation were performed using DFT within the Perdew-Burke-Ernzerhof (PBE) functional 16 in the framework of the all-electron projector augmented wave (PAW) method 17 as implemented in the VASP code.
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GC-MS measurements. The synthetic methods of the sample obtained from the PE cell and DAC are described above and they follow the same procedure to have the GC-MS measurement. The samples were sealed in the GC bottle in the glove box and a drop of deionized water was injected into the bottle. The generated gas was inhaled into a syringe and injected into the GC. The instrument used is an Agilent 7890A GC coupled to an Agilent accurate-mass 7200 quadrupole-time-of-flight-mass spectrometer (QTOF-MS) (Santa Clara, CA, USA), equipped with an electronic impact (EI) ionization source. Samples in gas phase was separated in a DB-5MS UI 30 m × 0.25 mm i.d., 0.25 μm film thickness capillary column and helium (99.999%) was used as carrier gas at a constant flow of 1.0 mL min -1 . 0.5 mL sample volume was injected manually in split mode (split ratio 50:1) at 250 °C. The GC oven was programmed from 30 °C (hold time 2 min) at 20 °C min -1 to 150 °C (hold time 2 min) and the transfer line was set at 250 °C. The 7200 QTOF detector was operated in single MS scan mode by EI ionization at 70 eV. The ion source and quadrupole temperatures were set at 250 and 150 °C, respectively. The acquisition rate was 5 spectra/s in 4 GHz high resolution mode and the mass resolution was 13000 at m/z 263.9866 (full width half maximum, FWHM). Mass-spectrometric grade perfluorotributylamine (PFTBA) was used for mass calibration. The scan spectra were recorded in the mass range m/z 20-500. Agilent MassHunter GC/MS Acquisition Software (Version: B.07.03) was used for the data acquisition. All qualitative data processing was performed using S5 Agilent MassHunter Qualitative Analysis Workstation Software (Version: B.07.00) and Wiley Registry 10th Edition/NIST 2014 EI library were used for the spectral library search.
GC-MS experiment for identifying benzene.
This experiment was performed on an Agilent 7890B GC coupled to an Agilent 5977A mass spectrometer (Santa Clara, CA, USA), equipped with an electronic impact (EI) ionization source. The CaC2 recovered from 26 GPa was sealed in the GC-bottle in the glove box and a drop of deionized water was injected into the bottle. The generated gas was inhaled into a syringe and injected into the GC. 0.5 mL of sample was injected manually in pulsed splitless mode at 250 °C and separated in a HP-5MS UI 30 m × 0.25 mm i.d., 0.25 μm film thickness capillary column. Helium (99.999%) was used as carrier gas at a constant flow of 1.0 mL min -1 . The GC oven was programmed from 30 °C (hold time 2 min) at 20 °C min -1 to 150 °C (hold time 2 min) and the transfer line was set at 280 °C. The 5977A mass spectrometer was operated in full scan mode by EI ionization at 70 eV. The ion source and quadrupole temperatures were set at 230 and 150 °C, respectively. Scan spectra were recorded in the mass range m/z 10-200. For the standard sample benzene, the benzene vapor was inhaled into a syringe and injected into the GC. All the measurement methods are same with the one described above. Agilent MassHunter GC/MS Acquisition Software (Version: B.07.00) was used for the data acquisition. All qualitative data processing was performed using Agilent MSD ChemStation Software (Version: F.01.00.1903). . 0.002 mL sample was injected manually in split mode (split ratio 500:1) at 250 °C. The GC oven was programmed as follows: 30 °C (2 min), ramped at 20 °C min -1 to 150 °C (2 min). The temperature of transfer line was kept at 250 °C. The 7200 QTOF was operated in the extended dynamic range 2 GHz mode and the acquisition rate was 5.0 spectra/s. The source and quadrupole temperatures were set at 250 °C and 150 °C, respectively. The QTOF detector was operated in the single MS mode and the scan spectra were recorded in the m/z range from 20-500 units. The TOF mass analyzer was calibrated with a commercial solution of perfluorotributylamine (PFTBA). Agilent MassHunter GC/MS Acquisition Software (Version: B.07.03) was used for the data acquisition. All quantitative data processing was performed using Agilent MassHunter Quantitative Analysis Workstation Software (Version: B.07.00) (12) u(C) 0.0214 (7) 0.0162(6) 0.0185 (5) 0.0163 (8) 0.0102 (9) *c-axis fixed at the value determined by XRD. C(0, 0, z), Ca(0, 0, 0), u(Ca) = 0.01 b The coelution peaks of the fraction corresponding to the peak whose retention time is 2.274 min.
c The coelution peaks of the fraction corresponding to the peak whose retention time is 2.534 min. The coelution peaks of the fraction corresponding to the peak whose retention time is 3.283 min. The high-resolution quadrupole-time of flight (Q-TOF) data shows that nine isomers with the molecular formula C6H6 were present in the product of CaC2 recovered from 26 GPa after reacting with water (Fig.7) . The GC-MS with unit mass resolution was employed to confirm the presence of benzene. The TIC plot is similar with the Q-TOF result (Fig.S5) . As shown in Fig. S5 and S6, the fraction corresponding to peak 8 has the same retention time of the chromatogram and mass spectra as benzene. That means the cyclic molecules benzene is one of the product of CaC2 recovered from 26 GPa after reacting with water. That may result from cyclic polycarbide anions precursor. 
